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I 11/2 energy levels emit luminescence with peaks located at 1532 nm and 2734 nm, respectively, with radiative decay efficiencies of 65% and 6.8% for the higher (2.2 mol. %) concentration sample. The low 2.7 lm emission efficiency is due to the non-radiative decay bridging the The strong interest in the generation of light at midinfrared wavelengths (between 3 lm and 50 lm) is being driven by applications in medicine, defence, and spectroscopy. With the field of mid-infrared photonics growing fast, the search for stable efficient and cost effective sources of light at wavelengths approaching 3 lm is strong. The majority of mid-infrared laser research has concentrated on a number of rare earth ions when they are doped into low phonon energy crystals such as LaCl 3 (Ref. 1) and KPb 2 Cl 5 (Ref. 2) and low phonon energy glasses e.g., the chalcogenides. 3, 4 Stability issues are a hindrance for these materials and for the generation of high power, a long gain medium length and large mode area can be achieved through the use of a fiber geometry.
The use of the fiber geometry for the generation of midinfrared laser radiation provides good thermal management and a comparatively lower threshold because of the extended longitudinal dimension and small transverse cross section relevant to optical fibers. The 4 I 11/2 ! 4 I 13/2 transition of Er 3þ is a four level laser transition that offers broadband fluorescence in the 3 lm wavelength range. To date, high power fibre lasers emitting on this transition have been achieved only in fluorozirconate based fibres. [5] [6] [7] [8] Due to the hygroscopic nature of fluoride based glasses, it is difficult to avoid the degradation of the glass that occurs when exposed to moisture in the atmosphere. Tellurite glasses show potential as an alternative oxide based host material due to their relatively low maximum phonon energies ($690 cm À1 for the Er 3þ -doped tellurite (TZNL) glass composition used here) when compared to other oxide glasses. 9 They also have good transmission between 0.35 and 5 lm and are less susceptible to the crystallization and degradation that can occur in fluoride glasses. 9 To further explore the potential of the 4 I 11/2 ! 4 I 15/2 transition in tellurite glass and to offer the possibility of highly efficient Er 3þ laser operating at 3 lm in an oxide based glass, detailed spectroscopic studies are required. These studies would reveal the important energy transfer and energy level decay processes that relate to the Absorption spectra in the range of 2000-10 000 nm were measured using a FTIR spectrophotometer (Nicolet 6700). The decay characteristics of the excited states of Er 3þ were measured using pulsed 12 mJ (4 ns, 10 Hz) laser excitation from a tunable optical parametric oscillator (OPO) pumped by the second harmonic of a Q-switched Nd-YAG laser (Brilliant B from Quantel). Tunable laser excitation from the OPO was used to excite the 4 I 11/2 energy levels at 970 nm and 4 I 13/2 energy levels at 1485 nm energy levels directly. The infrared luminescence (for k > 1080 nm) was detected using an InSb infrared detector (Judson model J-10 D cooled to 77 K) in conjunction with a fast preamplifier with a response time of $0.5 ls and analyzed using a digital 200 MHz oscilloscope (Tektronix TDS 410). The visible and near infrared (k < 1100 nm) was detected using a photomultiplier tube (EMI) with a sensitive cathode of S-1 or S-2 type (PMT EMI refrigerated at -20 C) with a response time of 20 ns. All the fluorescence decay characteristics were measured at 300 K. To isolate the infrared luminescence signals, bandpass filters each with $80% transmission at 1500 nm or 2750 nm with a half width of 25 nm and an extinction coefficient of $10 À5 outside this band were used.
III. EXPERIMENTAL RESULTS
The optical absorption spectrum of Er 3þ ions in tellurite glass has two peak absorptions in the near infrared, one at approximately 1550 nm and the second near 980 nm. When the Er 3þ -doped material is excited at 970 nm, the following processes are observed to occur: (a) Ground state absorption (GSA) Fig. 2 . The emission cross section was determined after the emission cross section at the fluorescence peak (k ¼ 2734 nm) was calculated using the relation
, and 15 which includes exponential and non-exponential components of the decay.
where c is used as a curve fitting parameter to cater for the non-exponential component of the luminescence decay and
is the exponential decay component that accounts for the intrinsic decay rate (radiative decay þ non-radiative multiphonon decay) of the donor state, s d , and the migration assisted donor to acceptor energy-transfer rate, x. The mean lifetime is obtained by the integration of the decay curve using Eq. (2). This contains both the exponential and nonexponential components of the fluorescence decay into the one parameter (s).
The best fit of the 2730 nm luminescence was done using Eq. (1) . As a consequence, the total rate decay of the 4 I 11/2 level (W total ) must approximate to a constant value for [Er 3þ ] > N C [see the experimental data represented by squares in Fig. 4 Figure 4 (b) shows the decay rate due to migration-assisted energy transfer only, i.e., W m ¼ 1=s R þW nr þ x. The best fit to the data presented in Fig. 4(b (2011) time at distances perpendicular to the pump of $6 mm, however, for distances of $3 mm and shorter (from where we took the measurements), the measured decay time was invariable and radiation trapping was constant. The luminescence decay was observed to be non-exponential and a best fit was carried out using Eq. (1) 17 and 18 ). This model predicts a saturation of the exponential decay component, s m , to a constant value s 0 , which is reached for N Er > N C , where N C is the critical concentration. The lifetime augmentation efficiency is given by
where Evidence that the 4 S 3/2 energy level is excited after laser excitation at 970 nm in the Er 3þ -doped tellurite glass was evident by the observation of green luminescence. The green up-conversion luminescence (see Fig. 7 ) results from pump ESA from the ]. The best fit to the intrinsic decay constant (or exponential term) using Eq. (4) is shown as the red solid line. 
, where s rise is the luminescence risetime and c and s m are the energy transfer parameters due to the cross-relaxation process (process c in Fig. 12 , and the solid line represents the curve of best fit, which gives s ¼ 15.7 ls. The best fit to the 552 nm luminescence was performed using Eq. (1), which gave the following parameters: (1) Table I . Figure 8 (a) shows the normalized pump ESA factor, f ESA that was obtained from a best fit to the 552 nm luminescence plotted as a function of the excitation wavelength. It can be observed that the TPA band follows approximately GSA, see Fig. 8(b) . By inspection of the minimum and maximum energies of the 4 I 11/2 ! 4 F 7/2 transition of Er 3þ in tellurite, it can be deduced that the ESA1 spectrum will occur in the range covered by the TPA spectrum. One may obtain the ESA spectrum [or S(k)] using the normalized TPA and GSA spectra using
The dashed line in Fig. 8(c) represents the pump ESA spectrum using Eq. (5). Using Judd-Ofelt theory, it is possible to estimate the cross-sections for ESA1. 
where e k ð Þ ¼
is the line-shape of the ESA spectrum . The cross-section for ESA1 is 4.13 Â 10 À21 cm 2 at k ¼ 971 nm. The resultant spectrum for ESA1 was calculated using Eq. (6). Ground state absorption is shown in Fig. 8(b) for comparison. and hence the lifetime of the 4 I 9/2 level was estimated to be 24 ls compared to calculated the radiative lifetime for this level of 2.58 ms. Figure 9 shows the 810 nm luminescence transient measured after laser pulses (4 ns, E ¼ 10 mJ) at 1485 nm. A short rise time is observed which is then followed by luminescence decay with a time constants of $1 ls (s 1 ) and $500 ls (s 2 ). The values for s 2 depend on the laser pump intensity and on the Er 3þ concentration and hence they relate to ETU. The 810 nm luminescence transient was fitted using the following expression:
where (A-B) gives the amplitude for ESA (labelled a (ESA2) ) that depends on the excitation wavelength and B is related to ETU. The rise time (s rise ) provides the relaxation time from the "hot excited state" (or excited 4 I 9/2 level), which will emit one or two-phonons according to the extra excitation energy created by the two-photon excitation (i.e., TPA). The excess energy is $1088 cm À1 for k ¼ 1485 nm excitation (2h ¼ 13 468 cm ). The best fit to the measured luminescence is given by the solid line in Fig. 9 where A ¼ 1.02 (2), one gets the integrated time constant for ETU (or s (ETU) ), which can be used in Eq. (8) to get the rate of ETU (or W (ETU) ) where 17 This means that the critical radius model can be applied to describe how the rate of ETU depends on the excitation density (N*). This model is given by 17, 18 
where N* is the 4 I 13/2 level and N C is the critical concentration of Er 3þ ions excited to the 4 I 13/2 ions given by
The fact that W ETU approaches a constant value for a high excitation density (N S ), see Fig. 10 indicates that the efficiency for ETU at large values of N* should be given by g ETU N Ã ð Þ ¼ W ETU =K 0 , where K 0 is the rate constant parameter. The solid line in Fig. 10 17 The rate constants for ETU are presented in Table I . The strength of pump ESA from the 4 I 13/2 level (labeled ESA2) and its wavelength dependence is given by the amplitude (A-B) [labeled the a (ESA2) parameter in Eq. (7)] and was obtained for many excitation wavelengths across the 4 I 15/2 ! 4 I 13/2 absorption spectrum i.e., 1450 nm to 1650 nm. Fig.  11(a) shows the pump ESA factor, a (ESA2) obtained from a best fit to the 810 nm luminescence plotted as a function of the excitation wavelength. It can be observed that the TPA band follows approximately with GSA, see Fig. 11(b) . By inspection of the minimum and maximum energies of the 4 I 13/2 ! 4 I 9/2 transition of Er 3þ in tellurite, it can be deduced that the ESA1 spectrum will occur in the range covered by the TPA spectrum with an excess average excitation energy of $570 cm
À1
. It means that one phonon of energy 570 cm À1 must be emitted (or created) following TPA. Note that the phonon energy created in this process has a lower energy than the phonons (with energy $705 cm
) involved in multiphonon nonradiative decay.
The one-phonon sideband ESA spectrum [or SB(k)] can be obtained using the normalized TPA and GSA spectra using Eq. (5); see the solid curve of Fig. 11(c) 20 The sideband amplitude must be scaled using the one-phonon creation probability P þ 1 that is given by P
is the occupation number of the phonon mode (at T ¼ 300 K). S 0 $ 0.31 is the electronphonon coupling (or Huang-Rhys factor) and h ¼ 570 cm
is the average phonon energy of all the phonon modes which couples to the multiphonon sideband absorption relevant to tellurite glass. The ESA spectrum was obtained according to the relation: Sðk Fig. 11(c) shows the ESA2 spectrum centered at 1700 nm and the solid line in Fig. 11(c) shows the pump ESA spectrum using Eq. (5).
We can estimate the cross-section for ESA2 using Eq. (6), where k ¼ 1700 nm (mean absorption wavelength), n ¼ 
IV. DISCUSSION
In an effort to predict the performance of fibre lasers operating on the 3 lm transition, we carried out numerical modeling of the system using the spectroscopic parameters determined above. Figure 12 shows the simplified energy level scheme of the Er 3þ -doped tellurite system for cw pumping at 976 nm. n 1, n 2, n 3 , n 4 , and n 5 ) is shown in Fig. 13(a) , where one can observe that equilibrium occurs for a time shorter than 3 ms. At equilibrium, the populations n 3 and n 2 were taken and the population inversion Dn ¼ n 3 -n 2 was obtained for [ 
